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Abstract We report preliminary heat capacity and vapor pressure measurements 
of the first and second layers of 4 He adsorbed on ZYX graphite. ZYX is known 
to have much better crystallinity than Grafoil, the most commonly-used exfoli- 
ated graphite substrate, such as a ten-times larger platelet size. This allows us to 
distinguish different phases in 2D 4 He much more clearly and may provide qual- 
itatively different insights into this system. We found a significantly asymmetric 
density-dependence of the heat-capacity peak associated with the y3 x v3 phase 
formation than that obtained with Grafoil. The 2nd-layer promotion density is de- 
termined as 1 1 .78 ± 0.07 nm -2 from the heat-capacity measurement of low den- 
sity samples in the 2nd layer. The precise knowledge of this density is particularly 
important to establish the density scale in the second layer. The value is consistent 
with that deduced from our vapor pressure measurement. However, the chemical 
potential of the 1st layer of 4 He obtained form the pressure data is consistently 
smaller than a theoretical calculation by 10 — 20 K. 
PACS numbers: 67.25.dp,67.80.dm,65.40.Ba 
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1 Introduction 

rn; 

Helium adsorbed on basal plane graphite has been a fruitful research field for 
physics of two-dimensional (2D) quantum system. Grafoil is the most commonly- 
used exfoliated graphite in this type of experiments because of its large specific 
surface area as much as 20 m 2 /g. However, the characteristic length of step-free 
atomically fiat surfaces (platelets) is only about 10 — 20 nm. This causes the size 
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effects in phase transitions of 2D He system and large amounts of heterogeneous 
adsorption sites. ZYX is an exfoliated graphite with much larger platelet size 
of 100 — 200 nm than Grafoil 1 . Previous experiments with the ZYX substrate 
show much sharper anomalies in heat-capacity and sub-steps in vapor-pressure 
isotherms at the y/3 x y/3 phase formation in the 1st layer of 4 He 2 and N2 1,3 than 
those with Grafoil, respectively. In this phase, adsorbed atoms occupy the center 
of one of three adjacent hexagons of carbon honeycomb lattice. However, there 
have been few experiments so far with ZYX because of its much smaller surface 
area (2 m 2 /g) by a factor of ten than Grafoil. 

In this report, we show preliminary results of new heat-capacity and vapor- 
pressure measurements of 4 He with ZYX. We measured heat capacities of the 1st 
layer near the density of the \/3 x y/3 phase (p c i = 6.37 nm -2 ) and at densities 
around the 2nd layer promotion where vapor pressure measurements were also 
carried out. The promotion density (Pi^X which depends on chemical potentials 
of the 1st and 2nd layers, was estimated to be 11.5 — 12.0 nm" 2 . The chemical 
potential of the 1st layer deduced here is lower than a theoretical calculation— by 
20 K near p\->2- 



2 Experimental 

Details of the experimental setup are described in our previous paper 3 . Briefly, 
the sample cell contains 19.0 g of ZYX and heat capacity is measured with the 
quasi-adiabatic heat-pulse method using a Cernox CX-1050 thermometer and a 
RuC>2 one at temperatures of 0.3 < T < 5 K and 0.06 < T < 0.4 K, respectively. 
We applied constant heat currents to the ZYX substrate in order to avoid too rapid 
cooling of the sample temperature which is sometimes much higher than that of 
the mixing chamber of a dilution refrigerator. Vapor pressure was measured with 
a homemade capacitive -pressure-gauge located on the mixing chamber plate. 



3 Results and Discussion 

3.1 The 1st layer y/3 x \/3 phase 

Figure Q] shows measured heat capacities of the 1st layer at densities in the vicinity 
of pd. The anomaly is much sharper, with a two-times larger peak-height, than 
that obtained in the previous experiment 2 with Grafoil shown as a thick line in 
the figure. The temperature dependence of heat capacity C(T) at p = 6.37 nm -2 
agrees very well with the previous experiment with ZYX 2 if we multiply our 
C(T) values by a factor of 1.23. This quantitative difference is probably due to 
the fact that we have calibrated the Cernox thermometer with a good precision 
only below T = 2.5 K and with a limited accuracy above 2.5 K so far. The melting 
transition of the \/3 x \/3 phase is explained by the three-state Potts model 5 which 
gives a symmetrical specific heat about T = T c \ with an critical exponent a of 4. 
These behaviors are clearly seen in our data as shown in Fig. [2] where the fitted 
a value is 0.34 ±0.01 both for T > T c \ and T < T c \. This value is consistent 
with the theoretical expectation and agrees well with a = 0.35 — 0.38 obtained in 



3 



the previous experiment 2 . The model also requires an entropy change of &b1ii3 
per particle associated with the phase transition. Our data are consistent with this 
expectation again if we assume the same correction factor of 1.23. 
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Fig. 1 (Color online) Heat capacity of the 1st layer of 4 He on ZYX at densities in the vicinity 
of the \/3 x \/3 phase at p = 6.37 nm~ 2 . Thick line represents the data with Grafoil 2 which are 
normalized by the surface area and then divided by a factor of 1.23 (see text). 



The maximum peak height is expected to appear at p = p c \, which allows 
us to determine the surface area of ZYX to be 30.5 ± 0.2 m 2 and hence areal 
densities for other samples within a ±0.6% accuracy. The significant asymmetric 
density dependence of heat-capacity peak height C pea k ls shown in Fig. [3] com- 
paring with a result of Grafoil 6 . C pea k with ZYX decreases precipitously by half 
within 0.05 nm" 2 above p c \ though it decreases only 5% over 0.12 nm -2 below 
p c \ . It means that the excess atoms easily break the commensurate symmetry un- 
like holes (particle-hole asymmetry). The data with Grafoil show a much broader 
and more symmetric maximum around p c \ over ±0.2 nm -2 , which is presumably 
due to a much larger amount of surface heterogeneities in this substrate. The usage 
of the higher quality substrate in this experiment will provide further information 
on the so-called commensurate-incommensurate or domain-wall density region 
(p > pd) in the near future. 

We should mention that an observed density dependence of the peak tempera- 
ture (Tpeak) does not show an apparent maximum at p c \. This could be explained 
by the fact that in this experiment the contribution of the addendum to the total 
heat capacity is relatively large 3 because of the small surface area of ZYX and it 
changes slightly run to run. 
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Fig. 2 (Color online) Measured heat capaci- 
ties plotted as a function of reduced temper- 
ature for the lst-layer v3 x \fh phase (p = 
6.37 nm~ 2 ) of 4 He on ZYX. A constant back- 
ground B = 2.4 ± 0. 1 has been subtracted from 
the raw data. The critical exponent a is de- 
duced as0.34±0.01. 
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Fig. 3 (Color online) Heat-capacity peak 
height Cpeak °f 4 He on ZYX (solid circles; this 
work) and Grafoil— (solid diamonds) at densi- 
ties around p c \ . The latter data are normalized 
to be consistent with the surface area of this 
work. 



3.2 The 2nd-layer promotion 

The experimental determination of the 2nd-layer promotion density Pi_>2 is im- 
portant because it is a calibration point in determining density scale for experi- 
mentalists who use exfoliated graphite substrates which necessarily contain finite 
amounts of surface irregularities and in testing accuracies of calculation for theo- 
rists who use different computational methods or assumptions. 

We made heat capacity measurements of 4 He on ZYX at densities of 11.5 < 
p < 15 nm -2 in the temperature range of 1.3 < T < 1.7 K where the total heat- 
capacity is expectedly dominated by ontribution from the Dulong-Petit type T- 
independent heat capacity of the 2nd-layer liquid. Note that in the 2nd layer the 
system is believed to be phase separated into gas and liquid (p « 4 nm -2 ) phases 8 . 
Measured heat-capacity isotherms at five different temperatures (T = 1.3, 1.4, 1.5, 

I. 6, 1.7 K) follow straight lines very well giving the same p\^2 value which is 

II. 78 ±0.02 nm -2 as shown in Fig. [4] (only two of them are plotted here). We 
estimated here a heat capacity contribution from the lst-layer solid as a Debye 
heat-capacity 9 with @o = 56.1 K and subtracted it from the total heat capacity. 
Although the present pi^2 value is slightly lower than the previous determination 
(= 12.0 nm" 2 ) based on the same analysis 6 , where the density grid is not fine 
enough and Grafoil substrate is used, the present determination would be of higher 
precision. Our value is slightly higher than 11.2 nm -2 determined from a neutron 
scattering experiment 10 . We will discuss about this 0.6 nm~ 2 difference in density 
later. 

Besides heat capacity measurements, we also measured vapor pressure P of 
samples at selected densities around Pi_j.2 as a function of temperature as shown 
in Fig. [5] From these data, we can deduce isosteric heat q st for each density using 
the following equation: 
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Fig. 4 (Color online) Heat capacity isotherms of the 2nd layer of 4 He on ZYX graphite. The 
lines are linear fittings of the data of the four highest densities. 



The result is shown in Fig. [6] q st (p ) seems to have a kink at a density slightly lower 
than 12 nm" 2 , above which it is almost density-independent at T = 3 K. Appar- 
ently, the kink corresponds to Pi-j.2- By taking more data at densities in between 
11.5 and 12 nm" 2 and by using a differential-type pressure gauge with a much 
higher sensitivity than the present one, we should be able to locate pi_j.2 more 
precisely from pressure measurement in the near future. Figure [6]also shows data 
taken at much higher temperatures with Grafoil by previous workers 1 1 . The weak 
density dependence even for the zero-temperature behavior estimated from their 
data would indicate the larger amount of surface heterogeneities in their substrate. 
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Fig. 5 (Color online) Temperature dependence of vapor pressure of 4 He on ZYX graphite at 
densities below and above the 2nd layer promotion (» 12 nm" 2 ). The numbers denote total 4 He 
coverages in nm" 2 . 



The vapor pressure measurement also gives a different insight into the ad- 
sorbed film system. Chemical potential fi of 4 He gas in the sample cell should be 
equal to that of the 2D 4 He film in thermal equilibrium with the gas. jx can be 
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Fig. 6 (Color online) Isosteric heat of 4 He 
deduced from the measured vapor pressure 
at densities neat the 2nd layer promotion. 
The data points represent our data with ZYX 
graphite and the thick lines are guides to the 
eye. The thin lines are data with Grafoil by 
other workersii. 
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Fig. 7 (Color online) Chemical potential of 
4 He film on ZYX deduced from the measured 
vapor pressure. The lines through the data 
points are guides to the eye. The dotted lines 
represent theoretical calculations of the 1st and 
2nd layers of 4 He on graphite by Corboz etal— 
and dashed lines by Whitlock et al. — 



estimated from P as 



ji =k B Tln 



p / h 2 y 

kftT \ 2nmk B T J 



(2) 



on the assumption of ideal gas. The resultant fj. values at several fixed tempera- 
tures are plotted in Fig. [7] Note that the curve at T = 1 K is obtained by extrapo- 
lating the higher temperature data. The data show again a kink structure at pi-j.2 
at lower temperatures. The chemical potential fi2 of the 2nd layer (p >12 nm -2 ) 
is nearly density independent at w —30 K, which is consistent with the gas-liquid 
coexistence scenario. In addition, this value is in good agreement with existing 
theoretical calculations by Corboz et al. 4 denoted by a horizontal dotted line and 
by Whitlock et al. 12 denoted by a horizontal dashed line in the figure. 

On the other hand, the chemical potential jUi of the 1st layer (p <12 nm -2 ) is 
consistently lower than the same theoretical calculation by 20 K. To explain such 
a large discrepancy, there would be two directions to consider as follows. One is to 
consider inaccuracy of the theoretical calculation in particle correlation energy at 
high densities or the He-graphite potential. Since two independent calculations for 
jUjiiii agree within w 10 K each other, the inaccuracy of the theoretical jii as much 
as 20 K would be rather implausible. If we assume that the known He-graphite 
potential 7 is overestimated by 20 K to be consistent with our result, the theoret- 
ical H2 could be overestimated equally. This is contradictory to the fact that the 
experimental and theoretical estimations for /I2 agree very well. Thus the above 
assumption is also implausible. The other direction is to consider that the substrate 
surface area is underestimated by 4% in our analysis by some reason and that a 
particle density p pea k to show the maximum C pea k ls lower than p c \ (= 6.37 nm -2 ) 
by the same ratio. This possibility can also explain why p\^2 determined from 
the present heat-capacity data is higher than the more direct determination from 
the neutron scattering experiment by 0.6 nm~ 2 . The inequality of p pea k < Pel is 
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qualitatively inconsistent with the existence of a measurable amount of stronger 
potential sites in our ZYX substrate but is consistent with the possible existence of 
thermally activated vacancies of 4% at the melting of the \/3 x y/3 phase. To test 
the vacancy scenario, it is desirable to carry out scattering experiments at different 
temperatures below 3 K or more careful heat-capacity measurements which are 
sensitive enough to any discrepancies from the critical behavior expected from the 
three-state Potts model. 



4 Conclusions 

By using the ZYX substrate, which is an exfoliated graphite with better crys- 
tallinity than Grafoil, we obtained much sharper heat-capacity anomaly associated 
with the y/3 x y/3 phase formation in the 1st adsorbed layer of 4 He. The density- 
dependence of the heat-capacity peak is significantly asymmetric. The 2nd-layer 
promotion density is determined as 1 1 .78 ± 0.07 nm~ 2 by extrapolating the linear 
density-dependences of the heat capacity isotherms of the phase separated liquid 
in the 2nd layer. This value is consistent with our own vapor pressure measure- 
ment, but not with the existing theoretical calculations. Among several possibil- 
ities, we argued the probable inclusion of thermally activated vacancies of about 
4% of the density in the \/3 x \/3 phase, which may result in underestimation of 
the substrate surface area. 
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